We review the details of domain wall (DW) propagation due to spin-polarized currents that could potentially be used in magnetic data storage devices based on domains and DWs. We discuss briefly the basics of the underlying spin torque effect and show how the two torques arising from the interaction between the spin-polarized charge carriers and the magnetization lead to complex dynamics of a spin texture such as a DW. By direct imaging we show how confined DWs in nanowires can be displaced using currents in in-plane soft-magnetic materials, and that when using short pulses, fast velocities can be attained. For high-anisotropy out-of-plane magnetized wires with narrow DWs we present approaches to deducing the torque terms and show that in these materials potentially more efficient domain wall motion could be achieved.
Introduction
Magnetic nanostructures have in the past been at the heart of a multitude of devices ranging from sensing applications to data storage. Probably the best known storage device is the magnetic disk drive [1] , which was pioneered in the 1950s by IBM with the RAMAC and since then the storage density has seen a gigantic exponential increase. While hard drives continue to excel in the high capacity market, they entail nonetheless disadvantages, which have led to other memory concepts replacing them for low capacity storage applications. One of the key problems is the mechanical motion ofthe media, which poses reliability questions and can lead to catastrophic failure in the case of mechanical shock. Another successful magnetic memory is magnetic tape, which has a huge capacity but obvious limitations when it comes to random access times [2] . Again tape drive~ physically move the media (tape), which leads to wear. Another disadvantage that physical motion brings with it is the power consumption, whi ch for instance in laptops leads to a significant part of the power being used by the hard drive. 4 Current address: Institut fur Physik, Universitiit Mainz, Staudinger Weg 7, 55128 Mainz, Germany. For many of the growing memory markets in particular in mobile applications (laptops, PDAs, etc), low power combined with a solid state technology is required. Different approaches have been suggested based on a range of technologies. For this review we will focus on magnetic materials and thus for magnetic data storage, a paradigm shift away from hard drives or tape is required: one exciting approach that has been recently proposed is based on magnetic nanowires with magnetic domains acting as the bits (figure I). The interfaces between two domains where the magnetization is pointing in opposite directions is called a magnetic domain wall (DW), in which the spins turn by 180 0 and the nanoscale spin structure depends on the material and geometry. At first sight, the design looks similar to tape, but rather than shifting the media with the data as in the case of tape, here the data are shifted within the media which stays physically fixed. This leads to much faster possible access times and in particular eliminates all the mechanical motion. On the other hand, the device only comprises one write or read element for potentially tens 'to hundreds of bits, which can make it cost effective. Furthermore this simplifies the integration with the necessary semiconductor electronics, which can be more compact and can thus lead to higher storage densities, compared with for instance magnetic random access memory [3] . Prominent suggestions for concrete realizations of such a device are the racetrack device envisaged by Parkin [4, 5] and the shift register proposed by Cowburn et al [6] .
To make such a device useful for memory storage, three key tasks have to be performed: the data need to be written, read and selected (meaning that the bit to be read or written needs to be moved to the read or write element). The reading and writing approach is similar to the one used in hard drives [7] . However, it is the domain selection by motion of the domains and DWs that is novel and requires alternative approaches. So the dynamic behaviour of geometrically confined DWs and their motion has become a topic of growing interest in recent years due to the intricate magnetic properties present in geometrically confined ferromagnetic structures [8] . The obvious approach to manipulate magnetization and DWs would be to use conventional magnetic fields. Two problems though arise when using magnetic fields as two adjacent DWs (say a head-to-head and a tail-to-tail wall) will move in opposite directions when a field is applied, thus annihilating one another rather than moving the domain in between in the desired direction. Secondly field-induced motion suffers from a serious scaling drawback as the field necessary to move a wall has to stay constant (for thermal stability issues) which means that with decreasing lateral dimensions the striplines that generate the field need to carry an ever increasing current density that will eventually lead to a structural breakdown. An alternative approach is current-induced DW motion due to the spin-transfer torque effect, which we discuss here. A constant current density is needed to move DWs, which means that with decreasing design rule, the power consumption goes down as well paving the way for energy saving devices.
Current-induced domain wall motion basics (CIDM)
The theory of current-induced DW motion has been treated by a number of excellent theoretical groups. An extensive review can be found in [9] and in this cluster, a paper by Shibata et al reviews the theory as well. Here we only give some details that are needed to understand the experimental observations and interpretations presented later on.
The idea that the transfer of spin from conduction electrons moving across a spin texture of a DW can be used to manipulate the DW was first introduced by Berger at the end of the 1970s [10] . When a current, which is naturally polarized in a metallic ferromagnet, crosses the DW, the exchange interaction aligns the conduction electron spin polarization direction along 2 the direction of the local magnetization. As the exchange interaction conserves the total spin, this angular momentum has to be transferred to the local magnetization, which is equivalent to a torque acting on the magnetization resulting in a DW displacement in the direction of the electron flow. As this effect is independent of the film thickness, it dominates for thin films over the hydrodynamic drag effect that originates from the Lorentz force [II] .
The corresponding adiabatic spin torque -; ST can be converted into a time derivative of the unit magnetization:
( iJ a ;) = -u aa:
ST (I) with u = J PgflB/2eM s , where J is the current density, p is the current polarization, g is the Lande factor, fls is the Bohr Magneton, e is the electron charge and Ms is the saturation magnetization. u is generally called the spin drift velocity and is actually the maximum velocity that the DW can reach when the conduction electron spin moments are fully converted into DW displacement.
Since theories developed to describe spin-transfer torque in the adiabatic limit were not able to reproduce experimental results observed on nanowires with in-plane magnetization, it was suggested that the effect of spin transfer was more complicated and that nonadiabatic contributions are present. The corresponding nonadiabatic torque was first introduced by Zhang and Li [12] and Thiaville et al [13] and is characterized by a dimensionless parameter f3 an;
at (2) This torque is perpendicular to the adiabatic torque and although its amplitude is expected to be small in 3d metal with f3sr ;::::: 0.01, it significantly alters the dynamics of the DW and in particular can determine the critical current density and the terminal velocity of the DW. Two different contributions have been identified for this torque. The first one is due to the spin relaxation in the DW, (f3. \·r) [9, [12] [13] [14] [15] [16] [17] [18] . Such spin relaxation can occur through spin-flip scattering events with impurities, phonon, etc so that in these processes spin is not conserved due to the spin-orbit interaction. Several authors have carried out calculations to extract the value of f3sr [12, 16, 17, [19] [20] [21] .
A second contribution to f3 is a pure nonadiabatic contribution occurring when the spatial gradient of the magnetization is very large for the current spin polarization to follow the local magnetization direction (described by the nonadiabaticity parameter due to non adiabatic transport f3na) [18, [22] [23] [24] [25] . For more information, see the review paper by Shibata et al in this cluster.
To understand the experimental finding, comparison with micromagnetic numerical simulations using the LandauLifshitz-Gilbert equation including the effects of spin currents [26, 27] can be used . This equation can be simplified to a set of two coupled differential equations known as the one-dimensional analytical model assuming a constant DW profile and taking as parameters the DW position q and the magnetization angle 1/! [13,14,26-29): • ;, aq fJu
where Hk is the restoring field for the DW transverse orientation, H is the external magnetic field applied along the easy axis, and 6.(1/!) = (A/(Ko + K sin2 1/!»1/2 is the DW width with Ko being the uniaxial longitudinal anisotropy and K = /-LoMsHd2 is the transverse anisotropy mainly due to magnetostatic effects [30) . V pin is the pinning potential that may depend on q. One sees that the nonadiabatic torque enters equation (3) with an analytical form similar to an external field
This simple I D model can be used to deduce the critical current and the DW velocity when the motion is driven by current in the absence of pinning (perfect wire with no roughness) and from comparison with the experiment key parameters can be deduced. For details of the model, see the review by Shibata et al in this cluster.
For fJ = 0, there is a threshold current value below which there is no steady DW motion [12) and above a critical current density, the DW starts moving. This threshold value corresponds to the onset of periodic DW transformations [31 -33) .
As mentioned above, the non adiabatic torque acts as a magnetic field that can sustain steady-state DW motion resulting in the disappearance of the intrinsic threshold current even for very small values of fJ, the real threshold current for DW motion being only determined by extrinsic pinning. The DW velocity in the steady state regime increases linearly as Vlinal = fJu/a up to a critical velocity [12, 15, 32) .
Recently, the inclusion of thermal effects on the currentinduced DW dynamics started to be studied by different authors [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . The effect of thermal activation on the magnetization dynamics is generaliy included by adding to the Landau-Lifschitz-Gilbert equation a stochastic Gaussian distributed magnetic field [46) with zero mean value and correlation. The previous approaches using the modified LLG equation lack the correct description of temperature effects because of the assumption of a constant magnetization length.
Schieback et al [43) employed the so-called Landau-Lifschitz-Bloch (LLB) equation which implements a macrospin model with longitudinal relaxation processes to investigate realistic temperature effects. They extended this equation of motion by adding the spin torque terms . They showed that the Walker threshold curre. nt as well as the DW velocities strongly depends on the temperature. Furthermore, in their calculations, the velocities depend on the interplay between adiabatic and nonadiabatic spin torque contributions which might prove useful to experimentally extract their contributions. Furthermore, thermally activated hopping over an energy barrier cannot only lead to depinning but in the case of no or small injected currents, it can lead to hopping between two adjacent energy minima (pinning sites) [47) . This hopping can be analysed using rate theory [48) and for small injected currents, the change in the hopping rates can be used to determine the nonadiabaticity parameter fJ [47) . 3 3. Experimental observation of current-induced DWmotion .
We now come to the main part of this review and explore CIDM experimentally. Different techniques can be exploited for the measurements including magnetotransport, imaging by magnetic microscopy techniques and others. For an overview of techniques see for instance various chapters in [8, 49, 50) .
For the experimental results we separate the syste ms into inplane magnetized materials (for instance Permalloy) and outof-plane magnetized materials (for instance Co/Pt multilayers) that exhibit distinctly different DW structures.
Current-induced DW motion in in-plane magnetized soft-magnetic wires
We will here limit ourselves to head-to-head or tail-to-tail DWs in soft-magnetic permalloy (NisoFe2o) wires, as other materials (for instance polycrystalline Ni, Fe or Co are expected to behave similarly albeit with more pinning). With the advent of advanced nano-lithography [51] , which allows one to fabricate well-defined nanoscale magnetic wires, such nanostructures have become readily available. The samples are often prepared using electron beam lithography including deposition of permalloy/Au by molecular beam epitaxy on a naturally oxidized Si wafer and a double lift-off process [51] . Two DW types are generally found in these wires as shown in figure 2. In (a), a photoemission electron microscopy [52) image of a vortex head-to-head wall (VW) is shown together with a micromagnetic simulation where the spin structure is visualized together with the resulting contrast of the image. In (c), a transverse wall is shown, which occurs in thinner and narrower structures (for details of the geometry-dependence of the wall spin structure see [8) ) . An example of experimentally observed DW displacements is shown in figures 2(b) and (d) .
Here we see in (b) that a vortex head-to-head DW is displaced by a current pulse with a high current density of IOl 2 A m-2 in the electron flow direction. In (d) we present the motion of a transverse DW.
Using ultra-short pulses with very fast rise times ( < 100 ps) we have recently imaged very fast DW motion with velocities > 100 m S-l [53) . To create these DWs prior to the current injections, an external magnetic field is applied in a direction perpendicular to the wire. After reducing the field, this results in the DW being positioned in this direction in the centre of the wire. An x-ray magnetic circular dichroism photoemission electron microscopy (XPEEM) image of the initial configuration is presented in figure 3 (a) (top wire) . To visualize the spin structure, the inset in the lower left shows a micromagnetic simulation of a VW confined in a wire with the same contrast. Once the initial configuration is imaged, single current pulses are injected into the structure. The result of a series of injections is presented in figure 3 . Current pulses were injected between adjacent images (from top to bottom). After five injections, the DW is di splaced by about 2 /-Lm . (d) shows the displacement of a transverse wall in a 7 nm thick and 500 nm wide wire. In both cases the wall spin structure stays the same after the displacement.
After the third current pulse, the left side does not move and it seems to be somehow pinned. The DW is therefore stretched, which results in an increase in the stray field energy. If this energy increase becomes larger than the energy required for a vortex core nucleation, it is energetically more favourable to transform to a double VW by vortex core nucleation. The new DW structure again displaces under current injection similar to the simple VW without changing its spin structure any more. The average displacement per current pulse is 400 nm. With the measured pulse length of 3 ns this results in an average DW velocity of v = 130ms-I , which is much larger than for long currents pulses (> 10 /1s) shown in figure 2. The fast wall motion as also observed by others for pulses with short rise times [54] can be explained by the combination of adiabatic and nonadiabatic torque that act initially before the adiabatic torque is balanced by the anisotropy [55] . Hence, by using pulses with fast rise times, that are shorter than the relaxation (damping) time for the DWs, a large torque can develop that aids depinning [55) and can lead to fast wall displacement in the viscous regime.
Experimentally, current-induced wall motion of these DWs has been studied by a large number of groups using various techniques (for an overview see citing papers and references in [8, 29, 54, [56] [57] [58] [59] [60] [61] [62] ).
Dynamic measurements of the velocity have been carried out by Hayashi et al for the case of a DW which is dynamically generated [62). Starting with a DW at rest, wall motion as seen in figure 2 [56, 57) has been observed by a number of groups and for sufficiently high current densities, periodic wall transformations have been imaged [57, 61 ] . From these observations of transformations one could deduce that the nonadiabaticity parameter (3 does not equal the damping constant a [61 ). A more quantitative measurement of (3 [47) has recently shown that for wide transverse DWs where the magnetization gradients are small , (3 is   4 of the order of a thus pOIntIng to spin relaxation as the dominating contribution to (3, which arises from the same impurities that lead to viscous damping. For vortex walls a significantly larger value of (3 was found and this can be attributed to non adiabatic transport across the vortex core where particularly high magnetization gradients occur [47) . This means that there is a distinct dependence of the torque terms on the magnetization configuration and thus the torques can be tailored by appropriately engineering the spin structures.
In the next section we will go to high-anisotropy materials where high magnetization gradients occur in the narrow DWs.
Current-induced DW motion in out-oj-plane magnetized magnetic wires
Most experimental studies on current-induced DW motion were carried out in soft-magnetic nanowires made of permalloy. This well-known material has the advantage of a DW less sensitive to pinning due to the large DW width (~ 100 nm) and the long exchange length as well as the potentially high spin polarization. Experiments have, however, underlined serious limitations concerning the use of this material for the study of CIDM: high critical current densities leading to strong Joule heating, complex DW structures with uncontrolled DW transformation induced by current injection (see, for instance, figure 3(a) ) [57, 63) that leads to unreliable and stochastic DW displacements [64), and domain nucleation induced by current injection [65). This limits the possibilities for a fundamental understanding of the spin-transfer effect in magnetic DWs but is also a serious issue for possible applications based on CIDM. Since 2004, a growing number of experiments were carried out on spin transfer in out-of-plane magnetized materials with a large perpendicular magnetic anisotropy. This class of materials combines several advantages over soft in-plane magnetized materials: narrow DWs typically below 10 nm with a simpler and more rigid internal Bloch/Neel DW structure; expected higher nonadiabaticity effects due to the higher magnetization gradients and high spin-orbit coupling leading to lower critical current densities and higher velocities; a large variety in the magnetic and transport properties of the available materials that allows one to study the dependence of spin-transfer effect on these parameters. For the prospect of high density magnetic memories based on CIDM, these advantages combined with a small DW width, i.e. small size of the magnetic bit, make these materials very attractive. In the following, we will restrict the discussion to metallic out-of-plane magnetized 5 ferromagnetic materials with, for this cluster paper, a focus on our own work while citing the relevant other literature.
In particular we will not address materials, such as diluted magnetic semiconductors. the interface, such as in a PtiCo/Pt multilayer, and thicker (5-60 nm) materials with a magnetocrystalline anisotropy that originates in the crystalline structure of the bulk. Due to the high anisotropy, the DW width is very small and typically ranges hctween 1 and 10 nm. For ultra-thin magnetic films, the thicknesses are generally smaller than the exchange length or the DW width so that the magnetization can be considered as being uniform across the film [49, 69] and DWs exhibit a nearly perfect Bloch or Neel spin structure (see figures 4(a) and ( For a very thin nanowire of thickness t and width w, the DW cross section can be modelled as an ellipse and the demagnetizing factors can be approximated as N y ~ tl(t + TC t..) and N x ~ tl(t + w) [30, 70] . In most experiments, the wire width (typically between 70 and 500 nm) is large compared with the DW width so that Ny > N x and a Bloch DW is generally prevailing.
3.2.2.
Simulation oj C1DM in out-oj-plane magnetized material. The recent interest in out-of-plane magnetized materials has stimulated the modelling and the micromagnetic simulation of the ClDM in these materials. The main features of the DW dynamics in a perfect nanowire are shown to be generally well described by a simple I D model due to the simple DW Bloch structure. However, simulations also reveal important dynamical features due to the thin Bloch DW structure and the different magnetic properties of these materials [71 -77].
Suzuki and Fukami et al [71 -73] and lung et al [75 ] studied the dependence of the critical current density on the nanowire geometry (width and thickness). Using both lD model and micromagnetic simulation, lung et al [75] showed that for narrow (typically below 100 nm) and thin ( < 10 nm) nanowires, the critical current density l c does not depend on the pinning strength as well as on the nonadiabaticity factor fi and reaches a minimal value for a certain geometry (width-thickness) of the wire. For this critical geometry, the z. 10 Am-2 ) (in an ideal geometry it would vanish as the anisotropy barrier goes to zero as also for round wires with shape anisotropy [78] ) and controls the depinning process. As a consequence, the nonadiabatic spin torque term f3 and extrinsic pinning effect playa little role on the depinning. The geometry for minimal le is obtained for thick enough and very narrow wires: for a 10 nm thick fi lm, Jung et al [75] found the critical current density to be minimal for w ~ 70 nm, with the exact dimensions depending critically on the magnetic parameters.
The possibility to combine low intrinsic critical current density and high pinning forces can also be exploited to generate new steady dynamical states. Above the ' intrinsic current density, the DW enters a precession regime with a periodic change of the internal DW structure from Bloch to Neel associated with an oscillation of the internal angle 1/1 with time (the so-called Walker regime). If pinning is not very high, this leads to DW depinning followed by DW propagation with a velocity oscillating in time [79, 80] . However, if the pinning is strong enough, the DW stays in the pinning potential well and a steady oscillation of the DW in the well can be obtained. This actually corresponds to the high pinning case of Tatara et al [14] , with a pinning field Hp larger than Hk/a, with Hk = 2Kd/(/-LoMs), the DW de magnetizing field. Outof-plane magnetized nanowires are well suited to obtain small Hk/a as they are generally characterized by high values of a (typically higher than 0. 1 in (Co/Pt)" multilayers [81 ] ) and a very low value of Hk can be obtained by playing on the wire geometry. We have demonstrated the validity of this idea using micromagnetic simulations [82] . We have considered a Bloch DW pinned in a 16 nm wide notch patterned in a 7 nm thick wire. The magnetic parameters considered are typical of (Co/Pt)" multilayers and only the effect of the adiabatic torque is taken into account (f3 = 0). This geometry corresponds ---,,--..----,---.---,---.-----, -. -a = 0.15 
Experimental examples oj current-induced DW motion in out-oj-plane magnetized wires.
Experimental considerations. Due to the particular geometry of the wires and the anisotropy, respectively, the magnetization direction, other effects beyond the spin torque effect can occur when injecting current in out-of-plane magnetized nanowires. This means that particular cares is necessary to separate these effects when interpreting the data.
loule heating. The temperature increase due to the Joule heating can strongly affect the DW dynamics [83] [84] [85] [86] [87] [88] . For a given current density, the heating amplitude depends on In out-of-plane magnetized materials with strong OW pinning, the OW dynamics is dominated by thermal activation regime over a large range of current and field values. In this regime, the OW dynamics is particularly sensitive to the temperature increase due to louie heating that helps the OW to overcome the pinning energy barrier. This is particularly true in the case of current-induced OW motion or depinning experiments in the presence of an external magnetic fie ld that lowers the pinning energy barrier [87, 91 ] . Even if louie heating cannot be suppressed, its amplitude .can be significantly reduced using magnetic materials with small resi stivity, thin films , and choosing a substrate with high thermal conductivity [84, 85], such as Si or diamond [92] . Another approach is to cover the wire with a high thermal conductivity but electrically insulating layer to play the role of a heat sin k, such as an AIN capping [87] .
Oersted field effect. The concentric Oersted field can play a significant role ("or the magnetization dynamics in out-ofplane magnetized nanowire. Figure 6 shows the simulated distribution ofthc out-of-p lanc component ofthe Oersted fie ld in a nanowire [93] whi ch shows a rapid increase in the field amplitude as one approaches the wire edges. Actually, the maximum Oersted fie ld on the sides Hz depends on the width wand the thickness t of the wire and can be approximated as Hz = J t (3 + 2ln(w / t»/4rr for a thin conductor (t « w) [94 ] and is thus larger for wide and thick nanowires. For a typical 200 nm wide 5 nm thick wire, the resulting Oersted field is about 5 mT for J = I X ]01 2 Am-2. A lthough the net force on the complete OW is zero, such an Oel:sted field can hend the OW at the edges and lead to an asymmetric OW motion [94] . Experimentall y, the influence of the Oersted fie ld on th e OW depinn ing and propagation can be identified by comparing the OW dynamics for domain configurations with opposite magnetization [95] . In wide nanowires in soft out-of-plane magnetized materials, the Oersted fi e ld can also have some unexpected effects on th e domain confi guration in th e nanowires . Experiments to determine the spin torque terms in out-oj-plane magnetized wires. A large number of experiments on currentinduced OW motion in out-of-plane magnetized structures were devoted to the characterization of the highly debated nonadiabatic torque. Most of these experiments were carried out in the presence of an external magnetic field in addition to the injected current. Indeed, the effect of the nonadiabatic torque on the OW dynamics is predicted to be equivalent to an external magnetic field r 13, 41 , 77] so that for instance the relative changes induced by the current in the depinning fie ld allows one to measure nonadiabatic effects.
Variation oj the depinning field with current injection.
In most experiments [74, 87 , 95 , 96, 97] , th e depinning fi eld H dep strongly decreases as current is injected and for suffi ciently high currcnt densities a linear dependence is found. is observed for both current polarities when injecting current densities higher than 4 x 1011 A m-2 although the depinning fie ld is always hi gher for one current polarity compared with th e other one (see figure 8(a) ). From the slope of the curve for T cryo = 130 K, one obtains a hi gh effective efficiency E ~ 10-13 T m 2 A -I . However, the weak dependence of th e depinn ing field on th e current po larity clearly suggests an important contribution of the temperature rise due to louie heating, that was measured to be about 200 K for the maximum injected current.
To extract the spin torque contribution, we carried out the same depinning experiment but at a constant sample temperature by playing on the external temperature and the amplitude of the injected current. Figure 8(b) shows the resulting depinning field versus curre nt density curve for two different sample temperatures of Tsample = 250 K and Tsample = 300 K. We observe now a clearly different behaviour: th e depinning fi eld decreases linearly for one CUITent polarity (current helps the DW depinning) whereas it is approximately constant or slightly increases for the other current polarity (current hinders DW depinning). From the slope of the current polarity for negative current that helps the depinning, one can derive a real efficiency E = 2.5 ± 0.35 x 10-14 T m 2 A -I for Tsample = 250 K and E = 6± 1.5 x 10-15 T m 2 A -I·for Tsample = 8 300 K. To analyse the results, we carried out simulations of the DW dynamics using the ID model with therma l activation (see section 2). We assume a pinning potential V pin (q) such that Vpin is quadratic with the position q in the potential well and constant outside. Our simulations show that only the nonadiabatic torque can change the depinning field . Actually, the adiabatic torque tilts the DW internal angle 1/1 but does not change the equilibrium position of the DW in t he potential well due to the damping. In contrast, the non adiabatic torque modifies the potential profile as well as the DW position and thus acts on the pinning energy barrier. In the ID model, the nonadiabatic torque acts on the DW as an effective field
JJ-oH/ = E I with [13]
From the experimental efficiency, one obtains fJ = 1.45·± 0.25 from the T = 250 K experiment and f3 = 0 .35 ± 0.08 from the T = 300 K experiments to be compared with the damping parameter a ~ 0.15 in our film. Note that these values are rough estimations as the spin polarization is not known and assumed to be similar to the one in Co (P = 0.46). This value is, however, in the range of the spin polarizations extracted by Cormier et al [88] in Pt/Co(0.5 nm)/Pt from CIP GMR data (P ~ 0.35) and by Aziz et al [98] by DW resistance measurement (P ~ 0.7) . Finally, the model does not explain the difference in the efficiency between both temperatur~s. We also carried out complementary experiments at constant cryostat temperature (T = 100 K) to characterize the contribution of the Oersted fie ld in the DW depinning. This is done by comparing the depinning fi eld for opposite domain configuration around the DW. We find a neg ligible contribution of the Oersted field much smaller than that of the nonadiabatic torque [95] .
Several authors studied in more details the dependence of l c on Hdep in similar materials. Rave1osona et al [99 ] and Li et al [ 100] reported in 0.2-1 JJ-m wide Pt/Co wires and 8 JJ-m wide TbFeCo nanowire an approximately linear scaling of l c with th e pinning field which is consistent with a depinning controlled by the nonadiabatic torque. However, a different scaling was reported in narrow (70-240 nm wide) (Co/Nik5 wire [74, 101 -103] where the critical current was found to be independent of external pinning nor on the external field . Koyama et al [103] also studied the dependence of l c on the wire width w for w ranging between 40 and 300 nm.
They observe a minimum in the critical current density for a given width of the wire corresponding to the transition from a Bloch to a Neel DW where the DW demagnetizing fi e ld is minimum. This behaviour is clearly consistent with an 'intrinsic pinning' behaviour where the depinning process is driven by the adiabatic torque in this case. Indeed, as discussed in section 3.2.2, the critical current associated with the adiabatic torque can be lower than the one associated with the nonadiabatic torque for narrow wire due to the small DW demagnetizing field . The nonadiabatic torque plays thus a minor role in these experiments. [42, 91] . Note that fJ is directly proportional to the current spin polarization P, which is subject to large uncertainty. Furthermore, the two different methods can lead to very different estimates of fJ in the same material [91] . To take into account these bias, we also computed fJ from the efficiency E using the current/field equivalence (equation (5)) and assuming P = I. This value fJmin corresponds actually to a lower bound for fJ derived from the currentlfield equivalence.
Discussion of the experimental results. [106] . In addition to the variation in the spin polarization for the different materials, this suggests that fJ depends also strongly on the exact materials composition and stnicture. Interestingly, despite large variations in E, fJmin typically ranges between 0.2 and I, which is much higher than the values of fJ estimated from measurements in permalloy. There is currently no consensus to explain such a high nonadiabaticity in these materials and this remains an open question. One can, however, invoke several different approaches for an explanation. One relies on the high spin orbit coupling in these material s with strong uniaxial anisotropy. Actually, strong nonadiabaticity was predicted in systems with high intrinsic spin-orbit coupling, such as in 2D magnetic gas with a Rashba spin-orbit interaction or (Ga,Mn)As [108] [109] [110] . This scheme 9 seems to support the enhancement of the non adiabaticity observed in PtiCo/AI 2 0 3 where a strong Rashba spin-orbit coupling was recently identified [111] . Momentum transfer expected for narrow DW is another possibility. However, this mechanism is expected to be relevant for DWs with widths of the order of the Fermi wavelength (~I nm) or the Larmor precession length (a few nm) [14, 23] which is not completely the case for standard out-of-plane magnetized multilayers with larger DW widths (~5 -IOnm). The condition seems to hold though in FePt and SrRu03 with very narrow DW (~I nm)5, explaining the apparent higher efficiency and nonadiabaticity. Furthermore, there seems to be no clear correlation between the measured fJmin and a and in general, fJmin, which is a minimum boundary for fJ, is higher than a, which seems to contradict recent theory predicting a of the order of fJ [113] . However, one should consider that except for [106] , the value of a was obtained from FMR or magnetic relaxation experiments on thin film which might differ from the one extracted from DW velocity measurements and effectively felt by the DW [114] . Actually, recent theories predict an enhancement of the damping parameter in the case of narrow DW [115] .
Conclusions
In conclusion we have reviewed different concepts for DW motion based on spin-polarized currents. In soft inplane magnetized nanowires, such currents allow for DW displacement due to the spin-transfer torque effect and in this case all walls (for instance head-to-head and tail-to-tail in in-plane magnetized materials) move in the direction of the electron flow. The exact details of the wall motion depend on the interplay of the acting torques (adiabatic and nonadiabatic spin torque terms) with the intrinsic and shape anisotropies . For sufficiently high current densities, the torques lead to a deformation and even a transformation of the DW spin structures (Walker breakdown), which significantly influcnces the wall velocity. In soft in-plane magnetized wires this leads to transformations between transverse and vortex DWs. Recent experiments in out-of-plane magnetized wires with narrow Bloch DW have shown that the current acts on the DW simi larly to a strong external field, which indicates high nonadiabatic effects. Experimentally we observe this effect pointing to a nonadiabaticity constant fJ, which is not equal to the damping constant IX. By measuring the depinning process under ficlds and current in high-anisotropy materials with well-defined narrow DWs we show how absolute values of this torque term can be deduced and that much larger values are found than for in-plane magnetized wires with wide DWs. These material s are very promising for memory devices based on CrDM as lower critical current density combined with high pinning force (bit stability) and high DW velocity can be expected from the higher nonadiabacity. A future challenge is now to decrease the strong pinning due to the natural defects in these materials that leads to high critical current density and makes it hard to accurately control the position of the DW in the track. A possible route is the use of softer or epitaxial out-of-plane mflterial. From a fundamental point of view, the origin of the higher nonadiabaticity in these materials still remains an important open question even if the high spin-orbit coupling is a possible explanation. Answers may be found in further studies of nonadiabatic effects by taking advantage of the large diversity of available materials.
